Studies of in vitro fertilization (IVF) and sperm cryopreservation have been conducted in several small cat species, but virtually no data exist for black-footed cats (Felis nigripes) (BFCs) or sand cats (Felis margarita) (SCs). The objectives of this study were 1) to compare in vitro motility and acrosome status of fresh and cryopreserved (frozen in pellets on dry ice or in straws in liquid nitrogen vapor) BFC and SC spermatozoa cultured in feline-optimized culture medium (FOCM) or Ham F-10, 2) to assess ovarian responsiveness in BFCs and SCs following exogenous gonadotropin treatment and laparoscopic oocyte recovery, and 3) to evaluate the fertility of fresh and frozenthawed spermatozoa from both species using homologous and heterologous (domestic cat oocytes) IVF in the two culture media. Motility and acrosomal integrity of fresh and frozenthawed spermatozoa from BFCs and SCs were similar (P . 0.05) in both media during 6 h of culture. Although effects were more pronounced in SCs, cryopreservation in straws was superior (P , 0.05) to cryopreservation in pellets for both species. Gonadotropin stimulation produced ;16 ovarian follicles per female, and .80% of recovered oocytes were of optimal (grade 1) quality. The BFC and SC spermatozoa fertilized 60.0%-79.4% of homologous and 37.7%-42.7% of heterologous oocytes in both culture media, with increased (P , 0.05) cleavage of homologous (SC) and heterologous (BFC and SC) oocytes in FOCM. These results provide the first information to date on the gamete biology of two imperiled cat species and further our capacity to apply reproductive technologies for their conservation.
INTRODUCTION
Captive breeding programs have been established by the Association of Zoos and Aquariums for only eight of 27 existing species of small (,25-kg body mass) wild cats. These captive populations represent a valuable resource for education of zoo visitors, who may never observe these cats in any other setting. In addition, captivity provides a safe environment for intensive breeding of critically endangered species and maintenance of viable populations that could be used to supplement or restore wild populations depleted by extensive habitat loss or catastrophic disease outbreak. To serve these various functions over an extended period, one of the goals of captive breeding programs for small felids is to maintain !90% of extant genetic diversity for the next 50-100 yr [1, 2] . However, achieving this management goal with conventional husbandry practices and natural breeding may be difficult because of small captive population sizes and founder numbers, limited availability of exhibit space for small cats, and growing philosophical resistance and regulatory barriers to the transfer of wild-born cats into captivity.
Assisted reproductive technologies (ARTs) such as artificial insemination (AI), in vitro fertilization (IVF), and embryo transfer (ET) could help maintain genetic viability of captive populations by reducing the need to transport stress-sensitive animals between institutions and by allowing reproduction of individuals with behavioral or physical incompatibilities. When combined with gamete and embryo cryopreservation, these technologies also may reduce the number of living animals and exhibit spaces required to maintain adequate genetic diversity and facilitate genetic exchange between wild and captive populations [1, 2] . Furthermore, as an alternative to removing additional cats from the wild, free-ranging males could be captured for semen collection and sperm cryopreservation and then released back into their natural habitat following anesthetic recovery [2, 3] . Successful application of ART using frozen spermatozoa from wild males would infuse novel genetic variation into the captive population without compromising the conservation status of these threatened species in the wild. For small felids, computer modeling suggests that introducing just two new founders every 5 yr into a captive population of ;100 individuals may provide genetic diversity over a 50-yr period that is comparable to maintaining a population of ;400 individuals [2] .
Offspring have been produced in a number of cat species by both AI and IVF/ET [1, 4, 5] . Although AI eliminates the need to culture gametes or early embryos in vitro, this approach requires relatively large quantities of spermatozoa (.10 3 10 6 motile spermatozoa) for each insemination [2, 6] . In contrast, IVF/ET exposes gametes and embryos to an artificial in vitro environment for !24 h but requires much lower sperm numbers for fertilization, allowing a single ejaculate to be divided among multiple IVF procedures [2, 6] . Minimizing procedural sperm requirements is of critical importance when samples have been recovered from wild males and may be limited in quantity. Therefore, our laboratory has focused on developing IVF and ET as an alternative to AI for the genetic management of endangered small felid species [2, [7] [8] [9] [10] .
Investigations of sperm cryopreservation and IVF have been conducted in several small cat species, but virtually no data exist for black-footed cats (Felis nigripes) (BFCs) or sand cats (Felis margarita) (SCs) (Fig. 1) . For both species, captive populations are small (,50 individuals in North American zoos), with restricted founder numbers and marginal genetic heterozygosity, whereas wild populations are becoming increasingly imperiled [11] . Both species could benefit significantly from application of efficient IVF/ET protocols as an adjunct to conventional natural breeding programs. Many ARTs for felid species are developed initially in a domestic cat model, but cross-species applicability is always a concern. Two specific challenges with extrapolation across felid species relate to sperm cryopreservation methods and media requirements for IVF and embryo culture. The objectives of this study were 1) to compare in vitro motility and acrosome status of fresh and cryopreserved (frozen in pellets on dry ice or in straws in liquid nitrogen vapor) BFC and SC spermatozoa cultured in felineoptimized culture medium (FOCM) or Ham F-10 (HF10), 2) to assess ovarian responsiveness in BFCs and SCs following exogenous gonadotropin treatment and laparoscopic oocyte recovery, and 3) to evaluate the fertility of fresh and frozenthawed spermatozoa from both species using homologous and heterologous (domestic cat oocytes) IVF in the two culture media.
MATERIALS AND METHODS

Chemicals and Reagents
Unless specified otherwise, all chemicals and reagents were purchased from Sigma Chemical Co. (St. Louis, MO). Feline-optimized culture medium was prepared from stock solutions as described by Herrick et al. [9] (Table 1) . Ham F-10 culture medium with bicarbonate (but without glutamine) was purchased from Sigma Chemical Co. (N-6013) and supplemented with 0.1 mM pyruvate, 1.0 mM alanine-glutamine, and 5% (v/v) fetal calf serum (HyClone, Logan, UT) before use ( Table 1 ). All media were equilibrated in 6% CO 2 at 38.58C for 12-18 h before use.
Animals
All study animals (three male and five female BFCs and five male and 10 female SCs) were housed in six zoological institutions accredited by the Association of Zoos and Aquariums, with the exception of a single BFC male captured in the wild (Kimberly, South Africa). All procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Cincinnati Zoo & Botanical Garden, as well as by the IACUC and/or supervising veterinarian at each collaborating institution. The wild BFC was captured with the approval of South Africa's Department of Nature and Environmental Conservation and was released near the site of capture immediately after semen collection and anesthetic recovery.
Males were anesthetized with a mixture of ketamine hydrochloride (Ketaset, 2.0-15 mg/kg of body weight (BW) i.m.; Fort Dodge Animal Health, Fort Dodge, IA) and medetomidine hydrochloride (Dormitor, 0.02-0.1 mg/kg of BW i.m.; Pfizer Animal Health, Exton, PA), followed by partial reversal with atipamezole hydrochloride (Antisedan, 0.1-0.6 mg/kg of BW i.m.; Pfizer Animal Health) at the end of the procedure. For two male BFCs, butorphanol tartrate (Torbugesic, 0.2-1.0 mg/kg of BW i.m.; Fort Dodge Animal Health) was used in combination with the ketamine and medetomidine. For a few males, isoflurane or sevoflurane (0%-5%; Baxter International Inc., Deerfield, IL) also was used for induction and/or maintenance of anesthesia during the procedure at the discretion of the attending veterinarian. For females, anesthesia was induced in a similar manner, followed by intubation and maintenance on isoflurane or sevoflurane throughout the laparoscopic procedure.
Semen Collection and Processing
Semen was collected by electroejaculation and analyzed using standardized procedures [12] during the course of a concurrent study [13] . After preliminary analysis, semen samples were diluted 1:1 with Hepes-buffered FOCM (20.0 mM Hepes and 5.0 mM NaHCO 3 ) (FOCMH) [9] . At the conclusion of semen collection, all diluted samples were pooled, and aliquots (3-5 ll) were stained with Rose Bengal-Fast Green stain [14] to determine initial acrosomal integrity (200 sperm per ejaculate at 4003 magnification) and sperm concentration using a hemocytometer. The remaining sample was centrifuged at 300 3 g for 10 min. To ensure maximal sperm recovery, the supernatant was recentrifuged at 1100 3 g for 10 min, and 20 ll from the bottom of the tube, assumed to contain the majority of remaining spermatozoa, was combined with the sperm pellet from the initial centrifugation.
Sperm Cryopreservation and Thawing
Concentrated sperm samples were slowly diluted to 25-50 3 10 6 motile sperm/ml with room temperature (;228C) Test Yolk Buffer (Irvine Scientific, Santa Ana, CA) containing 4% glycerol [15] . For pellet freezing, the 1.5-ml microcentrifuge tube containing the diluted sample was suspended in a plastic container filled with room temperature water (;250 ml) and placed in a refrigerator or cold room (;58C). After 3.5 h, the cooled sperm suspension was frozen by dropping aliquots (;30 ll) into depressions on the surface of dry ice with cooled glass pipettes [16] . After 3 min, pellets were plunged into liquid nitrogen, loaded into cryovials, and stored until post-thaw evaluation. For cryopreservation in straws, aliquots (;30 ll) of the diluted sample were aspirated into 0.25-ml plastic straws (Agtech, Inc., Manhattan, KS). Straws were heat sealed on both ends, placed in a plastic bag, and cooled for 3.5 h in a water bath in a manner similar to that of samples for pellet freezing. The freezing process utilized two metal test tube racks placed in a Styrofoam cooler that was partially filled with liquid nitrogen. The top of one of the test tube racks was 7.5 cm above the surface of the liquid nitrogen, while the top of the second test tube rack was 2.5 cm above the surface of the liquid nitrogen. Straws were held for 1 min on the upper rack and then transferred to the lower rack for 1 min before plunging into the liquid nitrogen [8, 15] .
For post-thaw evaluation, cryopreserved samples were thawed in air for 10 sec and then placed directly into an ;388C water bath (straws) or into a 5-ml plastic tube (containing 100 ll of warm FOCMH) maintained in an ;388C water bath (pellets) for 30 sec. The contents of each straw were emptied into a 1.5-ml microcentrifuge tube and slowly diluted 1:3 with FOCMH. Thawed pellets were transferred into a 1.5-ml centrifuge tube without further dilution. Motility and acrosomal integrity were evaluated immediately after thaw, followed by processing in a manner similar to that for freshly collected spermatozoa.
Sperm Motility and Acrosomal Integrity
For assessments of sperm motility and acrosomal integrity, spermatozoa (1-10 3 10 6 motile sperm/ml) were cultured (38.58C and 6% CO 2 in air) in 70-ll drops of FOCM or HF10 under 1.0 ml of mineral oil (embryo-tested M-5310; Sigma Chemical Co.) in individual wells of a 4-well dish (Nuclon; Nalge Nunc International, Rochester, NY). Sperm motility (percentage of motile cells [0%-100%]) and rate of forward progression [scale of [1] [2] [3] [4] [5] [12]) was evaluated in 3-ll aliquots at 0, 1, 3, 6, and 20 h of culture. Acrosomal integrity (3 ll; Rose Bengal-Fast Green stain) was assessed at 0 and 6 h of culture.
Domestic Cat Semen Collection and Processing
Semen from one of three male domestic cats of proven fertility was collected for each replicate using an artificial vagina and an estrual teaser female. Recovered semen was diluted 1:3 with FOCMH and centrifuged for 10 min at 300 3 g, and the resulting sperm pellet was resuspended in 50-100 ll of FOCMH before further dilution with FOCM or HF10 for IVF.
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BFC and SC Oocyte Recovery
Females were treated i.m. with 100 (BFCs) or 150 (SCs) IU of equine chorionic gonadotropin (eCG) (Sigma Chemical Co. or Sioux Biochemical Inc., Sioux Center, IA), followed 84-86 h later with 75 (BFCs) or 100 (SCs) IU of human chorionic gonadotropin (hCG) (Sigma Chemical Co. or Sioux Biochemical Inc.). At 24-27 h after hCG administration, in vivo-matured oocytes were collected using previously described techniques for laparoscopic oocyte recovery [9, 17] . Mature follicles (!2mm) were aspirated using a 22-gauge needle with aspiration pressure (;1.5 mm Hg) provided by a vacuum pump, and follicular contents were collected in a sterile glass tube containing FOCMH with 40 U/ml of heparin (Elkins-Sinn Inc., Cherry Hill, NJ). Only oocytes with dark homogeneous cytoplasm that were completely surrounded by expanded cumulus cells (grade 1) were used for IVF.
In Vitro Maturation of Heterologous (Domestic Cat) Oocytes
Domestic cat ovaries were provided by local veterinarians following routine elective ovariohysterectomies. Immediately after excision, ovaries were placed in 0.9% (w/v) NaCl containing 50 lg/ml of gentamicin and maintained at ;58C for ;16 h before processing [18, 19] . After removing excess tissue, ovaries were placed into FOCMH containing 40 U/ml of heparin and repeatedly sliced using a scalpel blade. Cumulus cell-oocyte complexes (COCs) containing multiple compact layers of cumulus cells and an oocyte with a uniformly dark cytoplasm (grades 1 and 2) [20] were selected, washed twice in FOCMH, and then twice in FOCM modified for in vitro maturation (IVM). Maturation medium was similar to FOCM used for IVF except that the glucose concentration was increased to 6.0 mM and the medium was further supplemented with 0.53 essential amino acids (minimal essential medium concentrations; MP Biomedicals, Solon, OH), 1.03 vitamins (minimal essential medium concentrations; MP Biomedicals), 10 lg/ml of insulin, 5.5 lg/ml of transferrin, 5 ng/ml of insulin-transferrin-selenium, 0.6 mM cysteine, 0.1 mM cysteamine, 1.0 IU/ml of eCG, 2.0 IU/ml of hCG, and 25 ng/ml of epidermal growth factor. Groups of 8-12 COCs were cultured (38.58C and 6% CO 2 in air) for 22-26 h in 50-ll drops of medium covered with 10 ml of mineral oil in 10 3 60-mm plastic dishes (Falcon 1007; Becton Dickinson Labware, Franklin Lakes, NJ).
In Vitro Fertilization
In vivo-matured (BFC and SC) or in vitro-matured (domestic cat) COCs were washed twice in either FOCM or HF10, placed in 45-ll drops of the same medium covered with 4 ml of mineral oil in 35-mm plastic dishes (Falcon 1008), and maintained at 38.58C and 6% CO 2 in air until insemination. Aliquots (5 ll) of fresh or frozen-thawed spermatozoa were added to each drop containing COCs to obtain final sperm concentrations of 2.0 (fresh BFC and SC), 2.5 (fresh domestic cat), or 5.0 (frozen-thawed BFC and SC) 3 10 5 motile sperm/ml. In our laboratory, a slightly higher concentration of fresh spermatozoa is used for insemination of oocytes matured in vitro (2.5 3 10 5 sperm/ml) vs. in vivo (2.0 3 10 5 sperm/ml). Gametes were coincubated (38.58C and 6% CO 2 in air) for 20-22 h.
Embryo Culture
Presumptive zygotes were placed into 500 ll of FOCMH containing 80-160 IU/ml of hyaluronidase in wells of a 4-well plate and repeatedly aspirated with a 200-ll pipettor to remove loosely bound spermatozoa and remaining cumulus cells. Denuded zygotes were washed twice in FOCMH and then twice in either FOCM or HF10 before allocating to 50-ll drops of the same medium. Cleavage was evaluated at the conclusion of coincubation (20-22 h after insemination), at ;30 and 44-48 h after insemination. All homologous embryos were cryopreserved at 30 or 44 h after insemination, whereas all heterologous embryos were fixed and stained at 48 h after insemination [21] . 
Experimental Design and Analysis
Semen was collected from three BFCs (four ejaculates per male) and five SCs (four ejaculates each from four males and two ejaculates from one male) twice per year at ;6-mo intervals for a concurrent study [13] . To control for possible seasonal effects, both culture media were evaluated with every semen sample, and cryopreservation methods were alternated between collections so that each method was used in each season for all males during the course of the study. Because season did not affect ejaculate characteristics or sperm quality (morphology, acrosomal integrity, motility, etc. [13] ), season was excluded from the analysis.
In vivo-matured oocytes were collected from five BFCs (eight collections) and 10 SCs (12 collections). One of the SCs was older than 10 yr at the time of collection and produced only grade 3 oocytes; results from this female were excluded from the analysis. Developmental data for two oocyte collections from BFCs were excluded because of bacterial contamination of culture drops for one procedure and a malfunction of the portable incubator during coincubation for the second procedure. Whenever possible, oocytes collected from a single female were divided between treatments (i.e., culture medium or cryopreservation method). All homologous embryos that cleaved by ;44 h after insemination were cryopreserved for later ET. Therefore, the exact incidence of fragmentation could not be determined. However, in our experience, fragmentation of in vivo-matured domestic cat oocytes is uncommon [9] .
For heterologous IVF, the number of samples evaluated on a single day was dependent on the number of oocytes collected. At least 15 oocytes were allocated to each treatment (i.e., two media and domestic cat, BFC, or SC spermatozoa), and five to 10 oocytes were cultured in each medium in the absence of spermatozoa to provide an estimate of the incidence of fragmentation and/or parthenogenetic activation. Several (three to five) straws or pellets were thawed for each ejaculate to account for straw-to-straw/pellet-topellet variability and were evaluated in a single replicate. At the conclusion of culture (;44-48 h after insemination), all embryos that appeared to have cleaved were stained to evaluate cell number, and only those showing at least two nuclei were used to calculate the frequency of cleavage. Oocytes that were not incubated with spermatozoa but appeared to have cleaved also were fixed and stained. If no chromatin was observed, the oocyte was considered to have fragmented, whereas the oocyte was considered to have undergone parthenogenetic activation if stained chromatin was observed.
Statistical Analysis
All analyses were performed using a mixed-model ANOVA with SAS (SAS Institute, Cary, NC) [22] . Proportional data (e.g., proportion of spermatozoa with an intact acrosome) were transformed (arcsine of the square root of the proportion) before analysis. When heterogeneous variance was detected [23] between treatments, a separate variance was calculated for each treatment in the ANOVA.
Preliminary analysis indicated that there was no difference in the initial prefreeze values for the sperm motility index (SMI) or the proportion of spermatozoa with an intact acrosome in samples cryopreserved in straws or pellets, so these values were combined into a single initial group. The SMI was calculated as follows: [% Motile þ (20 3 the Rate of Forward Progression)] / 2. For this analysis, cat, treatment (initial, pellet after thaw, or straw after thaw), and the interaction between cat and treatment were fixed factors, and sample was a random factor.
The change in SMI and the proportion of spermatozoa with an intact acrosome over time in culture were evaluated using a mixed-model ANOVA for repeated measures [22] . For fresh spermatozoa, the model included cat, medium (FOCM or HF10), time, and all two-way interactions. For cryopreserved/thawed spermatozoa, the model included cat, medium (FOCM or HF10), cryopreservation method (straws or pellets), time, all two-way interactions, and the interaction between cryopreservation method, medium, and time. Five different covariance structures were evaluated for each model, and the one that best fit the data (Bayesian criteria) was used for the final analysis.
Cleavage data for each time point after insemination (20, 30 , and 48 h) from IVF experiments were analyzed with the generalized linear mixed-model (GLIMMIX) macro using a binomial score (1 or 0) given to each embryo based on the presence or absence of cleavage [22] . For homologous IVF, medium and freezing method were fixed factors, and female was a random factor. For heterologous IVF, cat, medium, freezing method, and all two-way interactions were fixed factors, and replicate was a random factor. The error was designated as having a binomial distribution, and the probit link function was used.
When the final ANOVA was significant, Fisher least significant difference test was used for the comparison of individual treatments. P 0.05 was considered significant. All means are presented as 6 SEM.
RESULTS
In Vitro Function of Freshly Collected Spermatozoa
Results of semen analysis performed immediately after collection for all samples (except those of the wild BFC male) are given in Table 2 . At the initiation of culture, spermatozoa from BFCs and SCs were highly motile in both media (SMIs of 82.7 6 1.0 for BFCs and 75.1 6 1.1 for SCs) (Fig. 2) . In both species, the SMI declined (P , 0.05) during culture, but this decrease was not affected (P . 0.05) by culture medium, and the SMI after 20 h of culture was still .50 (62.4 6 2.7 for BFCs and 59.7 6 1.9 for SCs) in both media (Fig. 2) .
More than 85% of spermatozoa from both species had an intact acrosome at the initiation of culture (86.5% 6 1.3% for BFCs and 90.4% 6 1.1% for SCs) (Fig. 3) . The proportion of spermatozoa with an intact acrosome decreased during culture (P , 0.05) for both species in both media (P . 0.05), but the majority of spermatozoa (.75%) still had an intact acrosome after 6 h of culture (81.8% 6 1.5% for BFCs and 78.7% 6 1.2% for SCs) (Fig. 3 ). There were no differences (P . 0.05) between culture media in the proportion of spermatozoa with an intact acrosome at either time point.
Hormonal Stimulation for Follicular Development and Laparoscopic Oocyte Recovery
Gonadotropin treatment resulted in ovarian hyperstimulation in both species, with development of more than 12 preovulatory (!2 mm) follicles in BFCs (15.8 6 3.1) and SCs (16.4 6 3.1) ( Table 3) . From these follicles, 11.3 6 2.1 (BFC) and 13.2 6 2.6 (SC) oocytes were collected (;70%-80% IVF IN BLACK-FOOTED CATS AND SAND CATS 555 recovery), with the majority (84.8%-89.4%) of these oocytes classified as grade 1 (optimal) quality.
Homologous IVF with Freshly Collected Spermatozoa
Freshly collected BFC spermatozoa were used to inseminate 41 grade 1 oocytes (collected from three female BFCs) in either FOCM (n ¼ 23) or HF10 (n ¼ 18) (Table 4 ). More oocytes inseminated in FOCM had cleaved at 20 (33.0% 6 18.4%), 30 (73.7% 6 11.0%), and 48 (73.7% 6 11.0%) h after insemination than oocytes inseminated in HF10 (26.3% 6 9.4%, 58.8% 6 15.6%, and 58.8% 6 15.6%, respectively), but these differences were not significant (P . 0.05).
Sixty-five grade 1 oocytes from four female SCs were inseminated with freshly collected SC spermatozoa in either FOCM (n ¼ 33 oocytes) or HF10 (n ¼ 32 oocytes) ( Table 4) . At 20 and 30 h after insemination, a greater (P , 0.05) proportion of oocytes inseminated in FOCM had cleaved (76.5% 6 8.7% and 92.9% 6 7.1%, respectively) compared with oocytes inseminated in HF10 (29.8% 6 11.7% and 55.9% 6 20.6%, respectively). At 48 h after insemination, all oocytes in FOCM had cleaved compared with 62.1% 6 20.9% of oocytes in HF10 (the GLIMMIX macro could not reach a solution for this time point).
Motility and Acrosomal Status of Frozen-Thawed Spermatozoa
Immediately after thaw, the motility (SMI) of BFC spermatozoa and the proportion of spermatozoa with an intact acrosome were lower (P , 0.05) than those observed before cryopreservation, regardless of cryopreservation method. There was no difference (P . 0.05) in sperm traits between spermatozoa cryopreserved in straws or pellets (Fig. 4) .
The motility (SMI) of SC spermatozoa immediately after thawing did not differ (P . 0.05) from prefreeze values for spermatozoa cryopreserved in straws. However, the SMI was lower (P , 0.05) than prefreeze values for spermatozoa cryopreserved in pellets (Fig. 4) . The proportion of spermatozoa with an intact acrosome immediately after thawing was higher (P , 0.05) for spermatozoa cryopreserved in straws vs. pellets but was lower (P , 0.05) than prefreeze values, regardless of cryopreservation method used.
During culture, sperm motility (SMI) decreased (P , 0.05) in both fertilization media, but motility at 20 h of culture was higher for both species (P , 0.05) in FOCM compared with HF10 (Fig. 5) . Motility in SCs was higher (P , 0.05) for spermatozoa cryopreserved in straws across all time points, but cryopreservation in straws only improved (P , 0.05) motility in BFCs at 0 and 1 h of culture (Fig. 5) .
The IVF medium used did not affect (P . 0.05) the decrease in the proportion of spermatozoa with an intact acrosome during culture in either species. However, cryopreservation in straws resulted in better (P , 0.05) acrosomal integrity in SC spermatozoa and tended (P ¼ 0.08) to improve acrosomal integrity in BFC spermatozoa (Fig. 6 ).
Heterologous IVF of Domestic Cat Oocytes
Because the maturation medium used in this study has not been previously published, a preliminary investigation was
FIG. 2. The SMI of freshly collected BFC (A) and SC (B) spermatozoa during culture in FOCM (solid diamonds) or HF10 (open squares).
Different lowercase letters indicate differences (P , 0.05) between time points. There was no effect (P . 0.05) of culture medium in either species.
FIG. 3. Proportion (mean 6 SEM) of freshly collected BFC (A) and SC (B)
spermatozoa with an intact acrosome at 0 and 6 h of culture in FOCM (gray bars) or HF10 (white bars). Different lowercase letters indicate a difference (P , 0.05) between time points. There was no effect (P . 0.05) of culture medium in either species.
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conducted to assess the viability and developmental competence of the resulting oocytes. After 24 h of IVM, 71.6% 6 4.7% of cultured oocytes (n ¼ 79 in six replicates) achieved metaphase II (aceto-orcein staining [24] ). Following IVF with freshly collected domestic cat spermatozoa, 57.3% 6 3.4% of oocytes (n ¼ 321 in nine replicates) cleaved, and 16.7% 6 4.6% of oocytes or 29.1% 6 8.0% of cleaved embryos developed to the blastocyst stage by Day 7 after insemination.
Cleavage of in vitro-matured domestic cat oocytes (n ¼ 769 oocytes in 22 replicates) inseminated with freshly collected spermatozoa from domestic cats was higher (P , 0.05) at 20 (34.2% 6 2.9% vs. 19.5% 6 1.8%) and 30 (44.0% 6 2.9% vs. 35.8% 6 3.2%) h after insemination when gametes were cultured in FOCM compared with HF10. At 44 h after insemination, culture medium did not affect (P . 0.05) the proportion of oocytes cleaving (48.8% 6 2.2%). At the conclusion of culture (48 h after insemination), 6.5% 6 1.3% (26 of 369) of oocytes cultured in the absence of spermatozoa appeared to have cleaved, with multiple foci of chromatin observed on fluorescent staining. The incidence of activation was not affected (P . 0.05) by culture medium and appeared to increase after 30 h (2.6% 6 0.7%) of culture.
For heterologous IVF, frozen-thawed BFC spermatozoa were incubated with in vitro-matured domestic cat oocytes (n ¼ 395 oocytes in 12 replicates). Whereas cryopreservation method did not affect (P . 0.05) fertilization success, the proportion of oocytes cleaving was increased (P , 0.05) at 20, 30, and 48 h after insemination when cultured in FOCM (Fig.  7) . At 48 h of culture, cleavage following IVF in FOCM did 
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557 not differ (P . 0.05) from that of oocytes inseminated with freshly collected domestic cat spermatozoa. For SC spermatozoa, there was a significant (P , 0.05) interaction between cryopreservation method and IVF medium on the cleavage rate of domestic cat oocytes (n ¼ 639 oocytes in 15 replicates) (Fig. 8) . At both 20 and 48 h after insemination, cleavage was greater (P , 0.05) when sperm cryopreserved in straws were cultured in FOCM than with any other combination of cryopreservation method (straw or pellet) and IVF medium (FOCM or HF10). At 30 h after insemination, cleavage of oocytes inseminated with spermatozoa cryopreserved in straws was higher (P , 0.05) after culture in FOCM compared with HF10. The combination of cryopreservation in straws and culture in FOCM also tended to support the cleavage of more oocytes than cryopreservation in pellets and culture in FOCM (P ¼ 0.08) or HF10 (P ¼ 0.06). At 48 h after insemination, the use of cryopreservation in straws and culture in FOCM was the only combination to produce a frequency of cleavage similar (P . 0.05) to that seen with freshly collected domestic cat sperm controls.
Homologous IVF with Frozen-Thawed Spermatozoa
Thirty-seven SC oocytes were cultured in FOCM with frozen-thawed spermatozoa cryopreserved in pellets (n ¼ 26 oocytes from four females) or straws (n ¼ 11 oocytes from two females) (Table 5 ). Cryopreservation method did not affect (P . 0.05) the proportion of oocytes cleaving at 20 (52.5% 6 15.6%), 30 (61.5% 6 14.8%), or 48 (61.5% 6 14.8%) h after insemination.
Only 14 oocytes from a single BFC were inseminated in FOCM with cryopreserved BFC spermatozoa. The spermatozoa were collected from a free-ranging male and were cryopreserved in straws. At 20 h after insemination, four oocytes (28.6%) had cleaved, but no additional cleavage occurred at 30 or 48 h after insemination (data not shown).
DISCUSSION
The application of ART to the management of endangered wildlife populations requires sufficient species-specific information on gamete and embryo physiology for an intricate series of laboratory procedures to be successfully and efficiently completed. For example, the development of a successful IVF protocol requires safe and effective methods for collecting viable spermatozoa and mature developmentally competent oocytes. If spermatozoa are to be cryopreserved before use, methods also must be available to maximize the recovery of motile acrosome-intact spermatozoa capable of fertilizing oocytes after sperm thawing. In addition, culture conditions used for IVF must support a variety of complex cellular functions necessary for successful fertilization, including sperm motility, sperm capacitation, the acrosome reaction, oocyte viability, sperm-oocyte recognition, oocyte activation, and the initiation of embryonic development. Accordingly, to establish an efficient IVF protocol for BFCs and SCs, we conducted a series of studies to examine the effects of two methods of sperm cryopreservation and two culture media on sperm function and IVF success. To date, our results represent the first detailed information on the gamete biology of these two imperiled cat species and the first demonstration of successful IVF in each species using both fresh and frozen-thawed spermatozoa.
In our earlier research, we demonstrated that high-quality spermatozoa could be collected consistently from both BFCs and SCs using standardized procedures for electroejaculation in felids [13] . For oocyte collection, BFCs and SCs were treated with exogenous gonadotropins (eCG and hCG) to stimulate the development of an increased number of ovarian follicles. Given their similarity in body size, SCs received the same gonadotropin doses (150 IU of eCG and 100 IU of hCG) typically used for domestic cats [9] , whereas the smaller BFCs were treated with slightly lower doses of both gonadotropins (100 IU of eCG and 75 IU of hCG). Although gonadotropin sensitivity is rarely correlated with BW in other felid species [17] , selection of gonadotropin doses for BFCs and SCs using this criterion appeared to be effective based on appropriate ovarian responses (i.e., 10-20 follicles per collection) in both species. Using a standardized laparoscopic procedure for follicular aspiration in felids, a high percentage of oocytes FIG. 6 . Effect of cryopreservation of BFC (A) and SC (B) spermatozoa in pellets on dry ice (solids bars) or in straws in liquid nitrogen vapor (white bars) on the proportion of spermatozoa with an intact acrosome during culture after thawing. There was no effect (P . 0.05) of IVF medium on acrosomal integrity in either species, so data were pooled across media. Different lowercase letters indicate an effect (P , 0.05) of time in culture (a and b) or the method of cryopreservation (c and d). 558 was recovered by a minimally invasive approach. Most of these oocytes appeared mature at the time of collection based on cumulus cell expansion and morphology, and the majority proved capable of being fertilized by freshly collected spermatozoa. These findings suggest that techniques developed initially for gamete collection in domestic cats can be readily applied to both BFCs and SCs with minimal modification [12, 17] . Our results also indicate that sperm and embryo culture requirements established for domestic cats appear to have similar cross-species applicability with BFCs and SCs. Both fresh and cryopreserved spermatozoa from each species were cultured in the absence of oocytes to determine which of the two culture media best supported sperm motility and minimized spontaneous acrosomal loss. For freshly collected BFC and SC spermatozoa, motility and acrosomal integrity were comparable in each medium, despite substantial differences in media composition (Table 1) . Similarly, for cryopreserved spermatozoa, culture medium did not affect sperm parameters during the initial 6 h of culture, but motility was higher after 20 h for spermatozoa cultured in FOCM. However, it is unlikely that superior sperm motility in FOCM at this late time point had any major effect on IVF success. In felids, cryopreserved spermatozoa typically undergo capacitation more rapidly than nonfrozen samples, and the majority of oocytes have completed nuclear maturation shortly after follicular aspiration [25, 26] . Accordingly, most viable oocytes will have been fertilized by 20 h after insemination, with many already initiating embryonic cleavage.
Although culture medium had minimal effects on sperm motility and acrosomal integrity, incubation of spermatozoa with viable oocytes demonstrated marked differences between media in supporting gamete interaction, fertilization, and the initiation of embryonic development. With conspecific oocytes, cleavage percentages were higher when gametes from both species were cultured in FOCM, although values differed significantly only in SCs. Similarly, when cryopreserved spermatozoa from BFCs and SCs were used for heterologous IVF, the proportion of oocytes cleaving was significantly higher at all time points for gametes cultured in FOCM compared with HF10. In addition to improving total embryo yield, culture in FOCM accelerated embryonic development (i.e., more cleaved oocytes at 20 h after insemination), which has been correlated with improved developmental competence in domestic cat embryos [27] .
Differences in IVF success observed between FOCM and HF10 may reflect variation in the media's capacity to support sperm capacitation and the acrosome reaction. For example, HF10 contains much lower levels of CaCl 2 À concentrations can improve IVF success in a species known for poor sperm function in vitro [30, 31] . Similarly, improved fertilization with FOCM could be influenced by the effects of CaCl 2 and HCO 3 À on BFC and SC sperm function. Alternatively, differences in the incidence of embryonic cleavage in FOCM and HF10 may reflect the ability of the media to support viability of oocytes and early embryos. Concentrations of NaCl (126.7 mM), glucose (6.1 mM), and pyruvate (1.1 mM), as well as the inclusion of essential amino acids, in HF10 (Table 1 ) are similar to conditions previously found to be suboptimal for domestic cat embryo development [9] . The reduced concentration of HCO 3 À in HF10 and the resulting acidic pH of the equilibrated medium also could reduce oocyte or embryo viability. Oocytes and early embryos from several mammalian species have a limited capacity to maintain intracellular pH (;7.2) when extracellular pH is ,7.0 or .7.4 [32] . If the ability of the feline embryo to maintain intracellular pH is similar to that of other species, embryonic growth may be inhibited by the acidic pH of HF10 (;6.9) ( Table 1) . Our results clearly demonstrate the superiority of FOCM over HF10 for fertilization of BFC and SC oocytes and culture of early-stage embryos, but additional experiments are necessary to determine which components of FOCM conveyed these beneficial effects.
Frozen-thawed spermatozoa were cultured in the absence and presence of oocytes to assess the effect of cryopreservation method on sperm motility and acrosomal integrity. Overall, cryopreservation in straws appeared preferable to cryopreservation in pellets on dry ice, with the most pronounced benefits in SCs. For BFC spermatozoa, cryopreservation in straws resulted in superior motility at the initiation of culture and tended to improve acrosome status compared with sperm pelleting, but the success of heterologous IVF was unaffected. In SCs, both acrosome integrity and sperm motility during culture were improved following sperm cryopreservation in straws, and the combination of straw freezing and culture in FOCM produced the highest cleavage percentages for heterologous IVF (at levels similar to those observed with freshly collected domestic cat spermatozoa). However, for homologous IVF in SCs, oocyte cleavage in FOCM did not differ between sperm cryopreservation methods, possibly a consequence of small sample sizes for IVF studies with conspecific oocytes.
Most current protocols for sperm cryopreservation and thawing in felids, including those described in this study, involve slow initial cooling to retain acrosomal integrity and 560 gradual addition of hypertonic cryopreservation medium to maintain sperm motility before freezing and then (following thawing) slow dilution of cryoprotectant with culture medium to preserve plasma membrane structure and sperm motility [33] [34] [35] . Although this generalized procedure is effective in most species studied to date, interspecies differences may occur in sperm susceptibility to cryopreservation stress. Some of this variability (such as sensitivity to changes in temperature and medium osmolarity) is associated with the proportion of abnormal spermatozoa in the ejaculate [33] [34] [35] , but other differences appear unrelated to sperm morphology. For example, adding glycerol to fishing cat spermatozoa (33.5% normal morphology) at 58C rather than 258C increased the proportion of spermatozoa with an intact acrosome immediately after thawing and the number of sperm bound per mature oocyte [8] . In contrast, addition of glycerol to cheetah spermatozoa (21.7% normal morphology) at ;258C compared with 58C did not alter post-thaw motility or acrosome status [15] . Similarly, two rates of cooling before freezing differentially affected the ability of spermatozoa from ocelots (78.0% normal morphology) and tigrinas (76.8% normal morphology) to bind to domestic cat oocytes [36] . In our study, the proportion of normal spermatozoa was approximately equal between the two species (47.2% for BFCs and 40.0% for SCs), so differing sensitivities to cryopreservation method are probably not a direct consequence of sperm morphology.
The two cryopreservation methods used in this study vary in the rates of freezing and cryoprotectant dilution after thawing. Direct contact with dry ice produces more rapid freezing than exposure to liquid nitrogen vapor [37] , and sperm pellets are thawed directly in warm culture medium, resulting in an immediate rapid dilution of the cryoprotectant solution. In contrast, semen cryopreserved in sealed straws are frozen more slowly and then thawed intact, allowing a gradual controlled rate of cryoprotectant dilution, which is known to minimize loss of sperm motility and membrane integrity [34, 35] . Straw freezing also is the more ''field friendly'' of the two methods and provides superior biosecurity against potential pathogens [2, 10] . Cryopreservation procedures must be adaptable to suboptimal conditions frequently encountered with mobile laboratory applications, especially for the collection and freezing of spermatozoa from wild (free-ranging) males in the field. For example, some cryopreservation procedures involve cooling the spermatozoa to 58C before adding glycerol and loading straws, but it is difficult to maintain stable sample temperature (;58C) while performing these steps unless a walk-in cold room is available [8, 15] . Similarly, liquid nitrogen stored in an insulated dewar is less labile than dry ice, extending its availability for sperm cryopreservation procedures in remote areas. From a functional perspective, spermatozoa frozen in straws in liquid nitrogen vapor have been assessed using homologous and/or heterologous IVF in several cat species, resulting in fertilization percentages that are similar or superior to those following IVF with spermatozoa frozen in pellets [2, 7, 8, 10] (G. Magarey and W. Swanson, unpublished data).
The meaningful application of ARTs in support of captive breeding programs is dependent on sequential advances in knowledge, beginning with a thorough understanding of the species' basic reproductive biology; followed by developing reliable and repeatable methods for gamete collection and cryopreservation, IVF, and culture; and culminating in successful ET to produce viable genetically valuable offspring. In our previous research, the basal reproductive biology of BFCs and SCs was thoroughly characterized using a combination of fecal hormone and seminal analysis [13] . In the present study, we have further advanced our knowledge of BFC and SC reproductive physiology by assessing requirements for consistent gamete recovery and embryo production using fresh or frozen-thawed spermatozoa for IVF. The remaining step in this sequential process is evaluation of the viability of IVFproduced embryos from BFCs and SCs following transfer to synchronized conspecific females. Admittedly, early cleavage of IVF embryos does not guarantee biological competence for completing preimplantation or postimplantation development. However, accelerated embryonic cleavage, as seen following IVF in FOCM, has been correlated with improved in vitro preimplantation development to the blastocyst stage in cats [27] . The demonstration of in vivo viability following ET requires establishment of suitable methods for inducing appropriate oviductal or uterine environments in synchronized recipients, an objective being assessed in domestic cat studies (G. Magarey and W. Swanson, unpublished data). In the present study, methods for sperm cryopreservation and IVF developed in the domestic cat proved readily applicable to BFCs and SCs, so we anticipate that these newer methods for recipient synchronization and ET in domestic cats will likely have similar cross-species utility and efficacy.
